Introduction
[2] The arid and semiarid areas in North China and South Mongolia are major sources of dust. The annual rainfall is usually less than 400 mm in these areas, and can be as little as 30 mm in some places. From late spring to early summer, dust storms occur frequently as strong winds lift large quantities of dust particles into the atmosphere and carry them over large distances downstream. These dust storms, known as northeast Asian dust storms, have a dramatic impact upon the air quality in regions downstream of the dust sources and play an important role in the global dust cycle. Extremely severe dust storms in the past have resulted in the loss of human lives and the disruption of social and economic activities.
[3] For atmospheric studies, quantitative estimates of dust emission, transport and deposition are highly desirable but are still not available. Many issues remain to be resolved in this field of research. Of particular importance is the prediction and quantification of individual dust storms as it is not possible otherwise to understand the entire dust cycle in the atmosphere. The most critical issue is the quantification of dust sources. In some previous studies, dust emission was calculated with simple schemes, some of which were too crude to be credible. More recently, better wind erosion schemes for dust emission and sediment drift have been under development on the basis of microphysics of wind erosion [Marticorena and Bergametti, 1995; Shao et al., 1996; Marticorena et al., 1997; Lu and Shao, 1999; Alfaro and Gomes, 2001; Shao, 2001] .
[4] To predict continental-scale dust storm activities, such as northeast Asian dust storms, it is necessary to couple the wind erosion scheme with an atmospheric model, supported by other numerical modules and adequate land surface parameter. In other words, it is necessary to establish an integrated wind erosion modeling system. Westphal et al. [1988] , Joussaume [1990] and Gillette and Hanson [1989] provided early examples of such an approach. and Lu and Shao [2001] have developed an almost fully integrated wind erosion modeling system which simulates all stages of wind erosion, from particle entrainment and transport to deposition and provides quantitative prediction of dust storms. This system has been implemented for the prediction of dust storms in Australia, with good results. A similar approach has been taken by Wang et al. [2000] and Nickovic et al. [2001] in the prediction of the desert dust cycle in the atmosphere.
[5] In this study, the integrated wind erosion modeling system described by and Lu and Shao [2001] has been further developed by incorporating the new wind erosion scheme of Shao [2001] and various other improvements. The new version of the system is then implemented for the prediction of northeast Asian dust storms. Two dust storm events in April 2000 are examined in detail. The numerical results are compared with meteorological and satellite data and the predictions are found to be in good agreement with the observations.
Integrated Wind Erosion Modeling System
[6] The framework of the integrated wind erosion modeling system is illustrated in Figure 1 . It comprises an atmospheric model, a land surface scheme, a wind erosion scheme, a transport and deposition scheme and a geographic information database. The atmospheric model, developed at The University of New South Wales, is a high-resolution limited-area model with advanced numerics for atmospheric dynamics and sophisticated treatments for atmospheric physic processes, including radiation, clouds, convection, turbulent diffusion and the atmospheric boundary layer [Leslie and Wightwick, 1995] . The atmospheric model interacts with the other three system components.
[7] The land surface scheme simulates energy, momentum and mass exchanges between the atmosphere, soil and vegetation. In the context of wind erosion modeling, it produces friction velocity and soil moisture as outputs. The wind erosion scheme obtains friction velocity from the atmospheric model, soil moisture from the land surface scheme and other spatially distributed parameters from the GIS database, and predicts streamwise saltation flux and dust emission rate for different particle size groups. To predict dust motion, the transport and deposition model obtains wind fields, turbulent diffusivities and precipitation from the atmospheric model, and dust emission rate and particle size information from the wind erosion scheme. The atmospheric model is run first after the initialization for atmospheric dynamics and atmospheric physics. This is followed by running the land surface scheme and the wind erosion scheme. Finally, calculations of dust transport and deposition are carried out.
[8] The land surface scheme used in this study is the Atmosphere and Landsurface Interaction Scheme (ALSIS). ALSIS describes the soil hydrological and thermal processes in the unsaturated zone and the exchange processes of energy, mass and momentum between the atmosphere and land surface. A detailed description of ALSIS and its validation are given by Irannejad and Shao [1998] . The applications of ALSIS in modeling large-scale soil moisture have been presented by . Soil moisture simulation is in itself a complex subject and it is not necessary to describe it here in detail.
Wind Erosion Scheme
[9] The details of the wind erosion scheme have been described by Shao [2001] . The scheme consists of three components for computing threshold friction velocity, streamwise sediment transport and dust emission. This scheme is summarized below in this section for completeness.
Particle Size Distribution
[10] A soil is characterized by its particle size distribution (mass probability density function) p s (d ). The mass fraction of particles in the particle size interval [d, d + dd ] is given by p s (d ) dd. This particle size distribution is a weighted average of p m (d ) and p f (d ), the minimally and fully dispersed parent soil particle size distribution, respectively:
where g is the weight for p m (d ) and (1 À g) is that for p f (d ). Both p m (d ) and p f (d ) can be determined through laboratory particle size analysis. There are two limiting cases for p s (d ), namely,
The choice of g satisfies the requirements that g ! 1 weak erosion; u * $ u * t ð4Þ
where u * is friction velocity and u *t is threshold friction velocity (should be understood as the threshold friction velocity of the surface). A possible approximation for g is
Figure 1. The structure of the integrated wind erosion modeling system employed in this study. The system consists of an atmospheric model, a land surface scheme, a wind erosion scheme, a transport and deposition scheme and a GIS database.
with k and n being empirical coefficients that can be determined by fitting (6) to experimental data [Lu, 1999] (k = 27.3 and n = 3 have been found). In this study, we used values k = 1 and n = 3, as k = 27.3 is probably too large.
Streamwise Sand Flux
[11] We separate soil particles into sand and dust categories. This is done by introducing a critical particle size, d c , which is the solution of
where w t is the particle terminal velocity, k = 0.4 is the von Karman constant and a d is an empirical parameter, commonly set to 0.5 to 1. The meaning of d c is that particles smaller than d c are easily dispersed in the atmosphere while particles larger than d c are not. For a d = 0.5 and u * = 0.5 ms À1 , d c is around 35 mm.
[12] The saltation of sand sized particles plays a critical role in the process of dust emission. For a given particle size, d s , the streamwise saltation flux ðQÞ can be calculated using the Owen model [Owen, 1964] 
where c o is a coefficient of order one, r is air density, g is acceleration due to gravity, u * is friction velocity and u *t is threshold friction velocity, a function of d s . The calculation of u *t will be described later. Other models for streamwise sand flux, such as that of White [1979] , can also be used. The streamwise saltation flux for all particle sizes can be estimated using
where d 1 and d 2 are the lower and upper size limits of particles in saltation. It is worthwhile to point out that (8) is originally derived for the so-called transport-limited saltation, i.e., saltation under the condition of unlimited supply of saltation material. Saltation under the condition of limited supply of saltation particles is called supply-limited saltation. Conceptually, (8) can be made applicable to supply-limited saltation, by allowing u *t to vary with surface conditions as saltation proceeds. For instance, u *t = 1 implies that the supply of saltation particles is zero. In the wind erosion scheme used in this study, u *t is allowed to vary with surface conditions and hence, the supply-limited saltation has been partially considered. However, a satisfactory description of the evolution of u *t during a wind erosion process is not yet possible.
Dust Emission
[13] Three dust emission mechanisms are considered in the model:
1. Aerodynamic entrainment: Dust particles can be lifted from the surface directly by aerodynamic forces [Loosmore and Hunt, 2000] . However, as the importance of gravity and aerodynamic forces diminishes for smaller particles and the interparticle cohesion becomes important, dust emission arising from direct aerodynamic lift is small in general; 2. Saltation bombardment: As saltating particles (sand or aggregates) strike the surface, they cause localized impacts which are often strong enough to overcome the binding forces acting upon dust particles, leading to dust emission [Gillette, 1981; Gomes et al., 1990a; Alfaro et al., 1997] .The wind tunnel experiments of Shao et al. [1993] show that the dust emission rate caused by this mechanism is an order of magnitude larger than the aerodynamic entrainment; and 3. Aggregates disintegration: Under natural conditions, dust particles often exist as dustcoats attached to sand grains in sandy soils or as aggregates in soils with a high clay content. During a weak wind erosion event, sand particles coated with dusts and clay aggregates behave as individuals and dust particles may not be released, while during a strong wind erosion event, dustcoats and soil aggregates may disintegrate resulting in increased dust emission. The importance of this mechanism is probably similar to that of saltation bombardment. The dust emission rate related to these three mechanisms is formally expressed as
In calculating F, we distinguish the dust emission in the absence of saltation from that in the presence of saltation, namely, 
In modeling dust storms, the latter expression is used.
[14] We divide dust particles into I size intervals, each with a mean value d i (I = 1, . . ., I ) and an increment Ád i . As derived by Shao [2001] , the emission of dust in the ith group generated by saltation bombardment and aggregates disintegration of particles of size d s is given bỹ
where c Y = 1/7 c o is set to 0.05, r b is soil bulk density, h fi is the dust fraction given by
and h ci is the dust fraction in aggregation given by
is the volume removal (abrasion) caused by saltation and m is dust particle mass. As derived by Lu and Shao [1999] , associated with a saltating particle of size d s with mass m s can be approximated by
and S being the soil drag force (force per unit area exerted by soil on a particle moving through it). S is considered as a property of the soil. Soft soils have smaller values of S than hard soils.
[15] The emission of dust particles of size d i caused by the saltation of all sand sized particles (sand plus aggregates) can be estimated as a weighed average
Note the integration is over the particle size range of saltating particles. Finally, the total dust emission is given by
where d c is defined by (7). Note that the integration is over the size range of dust particles.
[16] In this study, we concentrate on three particle size categories: d 2 mm; 2 < d 11 mm and 11 < d 22 mm. The dust fluxes for these different categories, F 1 , F 2 and F 3 can be estimated by
The concentrations of dust corresponding to the three particle size groups will be denoted as c 1 , c 2 and c 3 , respectively.
Threshold Friction Velocity
[17] The threshold friction velocity for the surface u *t , depends on d s and several factors including roughness frontal area index, l, soil moisture, w, salt concentration in soil, s c , etc. [Shao, 2000] . A pragmatic way of calculating u *t is to express it in the following form
where u *t0 (d s ) is the threshold friction velocity for sand particle of size d s in the idealized situation when soil is dry, bare and free of salt and crust. In this study, u *t0 (d s ) is calculated using the expression given by Shao and Lu [2000] :
where s p is particle-to-air density ratio. The coefficients a 1 = 0.0123 and a 2 = 3 Â 10 À4 kg s À2 are empirical coefficients obtained from fitting the above expression to wind tunnel observations.
[18] The multiplicators f l , f w , f sc and f cr are correction functions for surface roughness elements, soil moisture, salt concentration and crust, respectively. The first correction function has been derived by Raupach [1992] and Raupach et al. [1993] based on conceptual analysis and wind tunnel data
According to Wyatt and Nickling [1997] , b r , s r and m r are respectively 202, 1.45 and 0.16. The correction function f w follows Fecan et al. [1999] :
where q is volumetric soil moisture. The air-dry soil moisture q r and the empirical coefficients A and b are soil type dependent. According to Nickling [1984] , the correction function f sc is basically of exponential form
In this study, f sc (s c ) is set to 1, as no information of s c is available. Gillette et al. [2001] have presented observational evidence for f cr . However, the implementation of f cr cannot be done readily, as the information for surface crust c r is too difficult to obtain. Also f cr is set to 1 in this study.
Dust Transport and Deposition
[19] The treatment of dust transport and deposition is as described by Lu and Shao [2001] . Suppose the concentration for the ith particle size group is c i , then the total dust concentration is
The evolution of c i obeys the conservation equation, written in the s-coordinate system (s = p/p s , with p being atmospheric pressure and p s being surface atmospheric pressure):
with boundary conditions
[20] In the equations above, w ti and F di are the particle settling velocity and dust deposition rate for the ith particle size group, respectively; and u, v and _ s are wind velocities. The horizontal particle diffusivity K ph is assumed to be equal in the x and y directions. The vertical particle diffusivity K pz is a function of particle size, estimated through a modification of the eddy diffusivity for neutral particles. The relationship between the eddy diffusivities for neutral and dust (heavy) particles follows the formulation of Csanady [1963] . Although there are more recent models on particle diffusivity, it can be shown that the Csanady model is sufficiently accurate for the purpose of this study and therefore has been used.
[21] Dust particles are removed only by dry deposition at the surface. Wet removal has not been considered. The deposition rate due to settling and turbulent diffusion is modeled as
where c i0 is the value of c i at surface. The dry deposition velocity, v di , is parameterized following Raupach et al. [2001] . In general, the settling velocity w t is a function of particle size, which can be estimated using
where Re t = w t d/n is particle Reynolds number at settling velocity (v is kinematic viscosity) and the drag coefficient, C d , is approximated following Durst et al. [1984] by
The effective settling velocity for each particle size group is estimated by
[22] Equation (25) is solved by splitting the advective and diffusion terms. Advection is further split into horizontal and vertical terms. The horizontal advection term is treated using a multidimensional wave-propagation slope-limiter scheme which is second order accurate both in time and space [LeVeque, 1996] . It eliminates oscillations and maintains positivity, an important requirement for dust concentration. The vertical advection term is treated using the scheme of Bott [1989] . This scheme is positive definite but not monotonic. It is mass conserving and has very small numerical diffusion. Second order, area preserving polynomials are used inside the domain. These polynomials were derived assuming variable grid spacing. The order of the polynomials are reduced to one near the domain boundary. The vertical diffusion is solved by using a fully implicit scheme and the algebraic equation system from the discretization is solved using the Thomas algorithm. Dust emission and dry deposition are computed together with the vertical diffusion.
Land Surface Data
[23] Land surface data are required for the atmospheric model, the land surface scheme and the wind erosion scheme. Here, we only give a brief description of data preparation for the wind erosion scheme.
Frontal Area Index
[24] The calculation of threshold friction velocity u *t using (21) requires the frontal area index of roughness elements l and the soil moisture w as inputs. The former is slowly varying with time and hence can be assumed to be constant for individual dust events. The latter is a quantity which experiences both diurnal and seasonal variations, responding to radiation, precipitation and other atmospheric and surface hydrological factors. In this study, l is derived from a combination of satellite NDVI (Normalized Differential Vegetation Index) data and GIS (Geographic Information System) data for vegetation types.
[25] The sources of GIS data are LREIS (State Key Laboratory of Resources and Environment Information System, Chinese Academy of Sciences) and EOSDIS (Earth Observing System Data and Information System). The vegetation data for China is obtained from LREIS, in which vegetation is classified into 50 primary types. The height of vegetation ranges from 0 to 28 m. For each vegetation type an empirical relationship between l and NDVI is assumed. The functional form of the relationship is
where a (around À1.5) and b (around 6.5) are coefficients which differ for different vegetation types. While the a and b coefficients used in this study have uncertainties, they are reasonable for desert areas for which both NDVI and l are small. For regions outside China, EOSDIS vegetation data (at 1°Â 1°resolution with 32 vegetation types) are used. The two data sets are merged to construct a vegetation data set for the area of simulation. The source of NDVI data is the NOAA/NASA Pathfinder AVHRR (Advanced Very High Resolution Radiometer) gridded data. Ten-day composite data mapped to the Goodes Homolosine projection with a resolution of 8 km Â 8 km are used for the work.
[26] Soil moisture required for the calculation of u *t using (21) is obtained from ALSIS for the very top soil layer, the depth of which is 50 mm. An example of the calculated minimum u *t (d s ) is shown in Figure 2 for 6 April 2000. Areas with very large threshold friction velocity (e.g., u *t > 2 m s À1 ) are practically nonerodible. These areas are excluded from the calculation of wind erosion. Based on a combination of soil texture, vegetation type, frontal area index and soil moisture data (using (21)), wind erodible areas are shaded in Figure 2 . These areas are mainly deserts and the adjacent semiarid regions in North China and the southern parts of Mongolia. Threshold friction velocity shows spatial patterns, which we can divide roughly into A, B and C classes. Class A comprises the desert areas with u *t being around 0.4 to 0.5 m s
À1
. These values are easily exceeded by u * in a wind day and hence dust activities can be frequent in regions of Class A. Class B comprises mainly the semiarid areas adjacent to the deserts, with u *t of 0.7 to 0.8 m s
. Wind erosion in regions of Class B occurs only under strong wind conditions. Class C comprises sporadic locations of very large u *t , over 1 m s
. For regions of Class C, wind erosion rarely happens although it is not impossible. In all classes, u *t may change with time as vegetation cover and soil moisture change.
Soil Data
[27] The dust emission model requires minimally and fully dispersed particle size distributions, p m (d ) and p f (d ), as input quantities. In this study, soils are classified according to the USDA (the United States Department of Agriculture) soil texture triangle. This has two advantages: (1) the soil classifications for the wind erosion and land surface schemes are consistent; (2) a considerable amount of soil texture data has already been collected throughout the world and these data are mostly organized according to the USDA soil classification. Ideally, soil samples should be collected and analyzed to estimate p m (d ) and p f (d) for each soil class. However, this type of data is not yet available for northeast Asia. To overcome the lack of data, p m (d ) and p f (d) are regarded as a composite of several (typically 3) log normal distributions [Gomes et al., 1990b; Chatenet et al., 1996] , e.g.,
where J is the number of modes, w j is the weight for the jth mode of the particle size distribution, D j and s j are parameters for the log normal distribution of the jth mode. These parameters are obtained by fitting (29) to data particle size distribution estimated for Australian soils. As an example, p m (d ), p f (d ) and p s (d ) for a clay soil are shown in Figure 3 . In this example, p s is calculated using (1) for u * = 0.8 and 1 ms
À1
. Note that p s (d) is u * dependent.
Subgrid Closure
[28] The spatial resolution for dust storm modeling is limited by both the resolution of the GIS data and of the atmospheric model. If the former has a coarser resolution Figure 3 . Particle size distributions, p m , p f and p s for a clay soil, with p s being calculated using (1) for u * = 0.8 and 1.0 ms À1 . Figure 2 . An example of the simulated minimum threshold friction velocity u *t in m s À1 for northeast Asia, using (21). Areas enclosed by the dashed line are subject to wind erosion, while the rest are considered to be nonerodible. than the latter, little can be done unless more land surface data can be created using down scaling procedures. Otherwise, additional manipulations of the GIS data are required. The two most important quantities for wind erosion modeling, u * and u *t , usually show subgrid variations. It may happen that u * exceeds u *t in some parts of the grid while the average of u * over the grid remains smaller than u *t and vice versa. The subgrid variations of u * and u *t are therefore of importance and deserve careful consideration.
[29] If the horizontal grid spacing of the atmospheric model is too coarse to resolve the features of the land surface, the problem can be reduced through self-nesting. The nesting procedure is often too expensive computationally and there are limitations on the size of the grid spacing allowed for a specific atmospheric model. To avoid this complication, the mosaic approach for subgrid closure is taken in this study. In this approach, each atmospheric grid cell is divided into subcells according to the soil type and the frontal area index. Areas with the same soil type and similar frontal area index are lumped together regardless of their location within the atmospheric grid cell. In so doing, each cell is divided into K subcells, each occupying a fraction w k of the grid. For each subgrid, a different u *t is calculated. Streamwise saltation fluxes and dust emission rates are then computed for the K subcells, assuming identical u * . Finally, the total streamwise saltation flux and dust emission rate for an atmospheric grid cell are estimated using the weighing method. For example, the total dust emission, F, can be estimated using
where F k is the dust emission rate for the kth subcell.
[30] In this study, the spatial resolution of the atmospheric model is 50 km and that of the land surface data is 5 km. Usually, an atmospheric grid cell contains up to about 10 subcells. In this study, the subgrid variation of u * is not considered. The recent examination of Liu and Westphal [2001] suggested that subgrid variations of u * lead to uncertainties in the calculation of dust flux. However, these variations are not considered in this study, as the uncertainties in u *t and theory of the dust emission model are probably much larger.
Area of Simulation
[31] The area of simulation is (30°E, 5°N) to (180°E, 65°N) with a spatial resolution of 50 km. The area of data analysis is (72°E, 5°N) to (148°E, 53°N) . The atmospheric data required for model initialization and boundary conditions are the NCEP (National Center for Environmental Prediction) analysis with a horizontal resolution of 2.5°. The atmosphere is divided into 16 layers in vertical.
Results
[32] Northeast Asian dust storms were very active in April 2000. Meteorological records show that dust events occurred almost every day in the deserts and/or adjacent areas, although in different locations. The two dust storms to be simulated in this study occurred on 6-7 April and on 9 -10 April 2000.
[33] The weather conditions, dust sources and dust transport patterns were somewhat different for the two events. Figure 4a shows the observed surface wind for 14 hr 6 April (Beijing Standard Time is used throughout this study). Prior to this time, a cyclone was moving southeastward from the Lake Baikal area, accompanied by strong northwesterly wind behind the cold front. By 14 hr 6 April, the center of the cyclone was located in the vicinity of (120°E, 45°N) . Very strong NW and WNW winds occurred behind the cold front, reaching 16 ms À1 in some areas. As a consequence, wide spread dust storms were observed in northeast China, covering areas of Inner Mongolia, Liaoning, Beijing, Hebei and Shanxi (Figure 4b) .
[34] Dust storms continued to occur on the 8 April in South Mongolia and North China. They were wide spread, but were weak and less systematic. Strong and systematic dust storms occurred again on 9 April ( Figure 5 ). In comparison with the 6 April event, these dust storms occurred further in southwest, i.e., in Gansu, Ningxia, Shaanxi, Shanxi, Hebei and Shandong, in correspondence with areas of strong winds. Subsequent to this event, the dust clouds moved more or less due south. The meteorological records of 10 April showed that (near surface) dust clouds reached areas beyond 30°N. Suspended dusts were observed in Guizhou and Hunan.
The 6 -17 April Dust Episode
[35] We first consider the 6 -7 April case. The simulated surface winds and 700 hPa flow fields for the episode are shown in Figure 6 . The most outstanding feature of the flow field was again the strong northwesterly wind associated with the cyclone located in the vicinity of (120°E, 45°N). Surface winds in this area were strong reaching 16 ms
À1
. In the following hours, the cyclone moved eastward and surface winds became weaker. A comparison with the meteorological records (e.g., Figure 4a ) confirms that the features of the synoptic situation were very well reproduced by the numerical model, as reflected in the development of the cyclone, the regimes and intensities of strong winds.
[36] Figure 7 shows the distributions of friction velocity for two different times on 6 and 7 April 2000. As seen, u * in the vicinity of (120°E, 45°N) exceeded 0.8 ms À1 and in some places it exceeded 1 ms
. These values of u * were larger than u *t in the corresponding area.
[37] Figure 8 shows the pattern of dust emission at 6 different times from 9 hr 6 April to 15 hr 7 April. Around 9 hr 6 April, dust emission was becoming active near the Mongolia and Inner Mongolia border around (105°En 40°N) and in a region to the northwest of the Bohai Sea. In the latter region, the intensity of dust emission increased during the next 24 hours and the dust source region was a SW-NE oriented belt stretching from (112°E, 38°N) to (122°E, 43°N). The maximum dust emission rate exceeded 3 mg m À2 s À1 . The numerical simulation suggest that for this dust event, the dust source region is not the desert area, but the southeast fringes. The emission of dust remained strong until 9 hr 7 April, but became substantially weaker by 15 hr 7 April. A comparison between Figures 8 and 4 confirms that the predicted dust source region is in good agreement with the observations.
[38] Dust concentrations c 1 , c 2 and c 3 are calculated. The total near surface dust concentration, i.e., c 1 + c 2 + c 3 , is shown together with near surface wind for 6 different times in Figure 9 . It is seen that dust clouds started to appear in the early hours of 6 April. The extension and concentration of dust clouds rapidly increased during the day, in correspondence with the intensified dust emission. Strong winds carried dust particles from the source region in the SE, SW and NE directions. By 9 hr 7 April, the dust clouds formed a front of several thousand kilometers stretching from southwest to northeast. The dust front reached the northern part of the Korea Peninsula, the Yellow Sea and the eastern part of China. It advanced further in the hours to follow, affecting the entire Korean Peninsula and later Japan.
[39] The meteorological records for dust storms (horizontal visibility less than 1 km) and dust in suspension (horizontal visibility between 1 km to 10 km) for the 6 -7 April episode are presented in Figures 10 and 11 . The simulated results are in good agreement with these meteorological records. The records show that around 8 hr 6 April, dust storms were active in Mongolia and Inner Mongolia. On the same day, dust storm activities intensified and became widely spread around 14 hr, in coincidence with the predictions. Late in that day (e.g., 20 hr 6 April), dust storms appeared to be weaker (note that night time observations are less reliable). During 7 April, the northwesterly flow carried the dust clouds further downstream. Wide spread dust clouds (classified as dust in suspension) were observed in Korea and the Henan, Shandong and Anhui provinces of China. The dust clouds continued to move southeastward, reaching Japan by 8 hr 8 April 2000.
[40] The satellite image of dust clouds for the morning of 6 April is given in Figure 12 . The basic features of the image are in good agreement with those of the predicted dust clouds, as seen from Figure 9 . The details of the satellite image indicate that the regions of dust emission were as predicted (Figure 9 ).
[41] Meteorological records show that the 6 -7 April dust storm swept through Beijing, located at (116°E, 39.55°N), in the late afternoon of 6 April to the early morning of 7 April (as Figure 12 also indicates) . Figure 13 is a west to east cross section along 39.55°N for dust concentration c tl (for d 22 mm). At this latitude, the main body of dust clouds was initially confined to the west of 116°E, moving gradually eastward. Beijing was worst affected in the afternoon of 6 April and the morning of 7 April, with dust concentration reaching 4 mg m À3 at around 6 hr 7 April. With the main body of dust clouds moving further eastward, the dust concentration in Beijing was reducing on 7 April and was reduced to low values by the morning of 8 April 2000. These predicted results are in good agreement with the records of dust concentration measured in Beijing, which show that the highest concentration of dust was between 4 to 7 mg m À3 (R. J. Zhang, personal communication, 2002) . The cross sections also show that most dust particles were confined to a level below s = 0.7. High dust concentration was confined to levels below s = 0.8. At the late stages of the dust storm event, the thickness of the dust layer gradually decreased with time, due to the settling of dust particles.
[42] The simulated three-dimensional structure of dust clouds is depicted in Figure 14 , in which c 1 , c 2 and c 3 are shown for 4 different sigma levels. In general, the concentrations rapidly decreased with height. Above s = 0.7, dust concentrations were very low. The spatial structure of dust clouds resembled very well the structure of the middle latitude cyclone and its fronts. Close to the surface, high dust concentrations were confined mainly to the cold regime of the cyclonic system. On higher levels, as can be most clearly seen at s = 0.7, the pattern of dust clouds resembled the nature of the cyclonic flow. In the warm sector of the cyclone, dust particles were transported toward the center of the cyclone.
[43] The temporal evolution of the dust front on levels of s = 0.85 and s = 0.6 is depicted in Figure 15 . The interrelationship between the evolution of the dust front and the cyclone is clearly visible. In the period from 13 hr 6 April to 10 hr 7 April, the dust clouds in the cold regime of the cyclone gradually developed into dust frontal system as can be most clearly seen on the s = 0.85 level. On the s = 0.6 level, the detailed structure of the cold and warm fronts of a classic middle latitude cyclone can be readily seen from the patterns of dust concentration.
The 9 -10 April Dust Episode
[44] The 6 -7 April dust storms were followed closely by the 9 -10 April dust storms, most widely spread on 9 April. However, the sources of dust emission and the patterns of dust transport for the two events are somewhat different. The predicted surface winds and the flow field on the s = 0.7 level were shown for 9 and 10 April in Figure 16 . The basic weather pattern responsible for the development of this dust storm episode is similar to that for the April episode. However, there are differences. Around 9 hr 8 April, the cold air gathered in the vicinity of the Baikal Lake started to burst southeastward. By 15 hr 8 April, the cold front was located at 40°N stretching northeastward to (125°E, 50°N) . Behind the cold front winds were strong. In the hours to follow, cold air advanced southward, reaching 30°N around 9hr 9 April. In this event, winds with a strong northerly component affected areas to the west of 110°E, in contrast to the 6 -7 April event. Such a flow pattern had a significantly different impact upon the emission and transport of dust particles and resulted in a different dust storm event when compared with the 6 -7 April event.
[45] Figure 17 shows the averages of dust emission rate for the period 20 hr 8 April to 20 hr 9 April and 10 April and for the period 20 hr 9 April to 20hr 10 April. For the first period, two main dust sources were predicted, one in northwest China and one in northeast China. The first source was primarily the Gobi desert and the second source was the semiarid region in Hebei, Shanxi and Liaoning provinces, similar to the 6 -7 April situation. Further detailed examination reveals that in the morning of 8 April, there was little dust emission. By 15hr 8 April, the two dust sources are evident. The dust source located near (102°E, 42°N) was strong covering an area of about 100,000 km 2 . The second dust source located near (116°E, 42°N) was becoming increasingly stronger. In the subsequent hours until 9 hr 9 April, dust emission persisted in northwest China, but was weakening, as strong wind regimes moved southeastward. Around 15 hr 9 April, dust emission in northwest almost ceased, but a region of strong dust emission developed in northeast China. This latter dust source region is similar to that for the 6 -7 April case ( Figure 9 ). Dust emission was weaker overall on 10 April.
[46] Dust concentration c 1 + c 2 + c 3 is shown, together with near surface wind vectors, for 6 different times in Figure  18 . These figures reveal significant features of dust emission and dust transport. As seen, by 3hr 9 April, high dust concentration was main located near (102°, 42°), corresponding to the first dust source region. This dust clouds ] for 10 hr 6 April 2000 and 10 hr 7 April 2000. To enhance the visualization of its distribution over the continent, u * is set to zero over the ocean.
was moving mainly in the direction SSE. In the meantime, dust emission from the region in northwest China weakened, while that in northeast China intensified, leading to the dust storms around (116°E, 42°N) , just northwest of Beijing. Due to the strong northerly component, a considerable proportion of dust was transported to much further south than the 6 -7 April dust episode, as can be seen both from the numerical predictions and the meteorological records shown in Figure 5 . Meteorological records show that on 10 April, dust in suspension was observed in areas south of 30°N, for instance, in Hunan and Guizhou Provinces. For this case, again, the simulated results compare well with the meteorological records.
Total Dust Emission
[47] There is no doubt that the integrated wind erosion modeling system has produced the correct temporal and spatial evolution of dust concentration for both dust storm events. Unfortunately, the predictions cannot yet be verified quantitatively by using data from independent sources, as such data are extremely difficult to obtain. To our knowledge, direct measurements of dust emission have never been made in the region relevant to this study. A possible indirect evaluation of the numerical results is to use the optical thickness obtained through the Aerosol Robotic Network (AERONET) [Holben et al., 1998 ]. This data set has been used by Ginoux et al. [2001] in validating their simulation of global distribution of dust aerosol. For the 6 -7 and 9 -10 April dust storm events, the Dalanzadgad (43°N, 104°E) Figure 11 . As Figure 10 , but for two other times.
station of AERONET did not show particularly high values of optical thickness. A possible reason is that this station is located to the northwest of main dust storm region. Therefore, we are unable to use the AERONET data for the validation purpose. Previous observations of near surface dust concentration show that this quantity can vary over a wide range. For example, the observations of Nickling [1978] in Yukon Territory (Canada) during dust storms showed that dust concentration varied between 1.1 to 1030.4 mg m À3 . Comparing with the data reported by Gillette [1977] and Nickling and Gillies [1989] , the dust emission rates predicted here are well within the range of the observations.
[48] For northeast Asian dust storms, the predicted near surface dust concentrations are consistent with data reported in the literature. The observations of Niu et al. [2001] for the Helan Mountain area (around 105°E, 39°N) show that the dust concentration for d 2.5 mm falls between 0.23 and 0.48 mg m À3 during dust storm events. This is consistent in order of magnitude with the maximum values of c 1 predicted in the present study, which is around 0.2 to 0.5 mg m À3 (e.g., Figure 14) . Nickovic et al. [2001] have found the maximum dust emission rate for the April 1998 dust event in northwest China to be around 10 mg m À2 s
À1
, and a maximum concentration of 3 mg m À3 , a result that is in general agreement with the near surface total concentration (c 1 + c 2 + c 3 ) results presented in this study (Figures 9 and 18) .
[49] Zhang et al. . While all the results cited above cannot be used for the validation of the wind erosion modeling system, they indicate that the order of magnitude of near surface dust concentration during dust storm events has been correctly predicted.
[50] The integrated modeling system allows the prediction of total (all dust particles) dust emission rate and the Figure 14 . Simulated dust concentrations, c 1 , c 2 and c 3 (left to right) on sigma levels 0.7, 0.85, 0.9 and 1 (top to bottom). emission rate of dust particles from various size groups. Examples of the spatial and temporal evolution of dust emission for the two dust events have already been shown in Figures 8 and 18 .
[51] The total amount of dust emission from the entire simulation domain can be estimated as the following summation where I and J are total number of grids in the x and y directions, respectively, Áx and Áy are gird distances. In the numerical model, FT is computed every 240 s. Figure 19 shows the hourly averages of FT for the period between 20BST 5 April and 20BST 11 April 2000. The values of FT for three particle size groups, namely, FT 1 for d 2 mm, FT 2 for 2 < d 11 mm and FT 3 for 11 < d 22 mm as well as
are plotted, which is the emission of all dust particles (d 22 mm) from the simulation domain. Two conclusions can be made: (1) there was a continuous emission of dust from the entire simulation domain, although the intensity of the emission varied with time. This conclusion is consistent with the meteorological records that dust events occurred everyday in northeast Asia during this period; (2) there is a strong increase in dust emission rates during the severe dust storms of 6 -7 April and 9 -10 April, as marked by the arrows. The maximum of FT t reached 0.375 Mt/hr and 0.75 Mt/hr at 03BST 7 April and 20BST 9 April, respectively.
[52] A statistic summary of dust emission rates is given in Table 1 
Conclusions
[53] A fully integrated wind erosion modeling system has been applied to the prediction of dust storms in northeast Asia. The integrated system consists of a limited area atmospheric prediction model, a wind erosion scheme for dust emission and sand drift, a land surface scheme, a dust transport and deposition scheme and a geographic information database. Such an integrated system is necessary for the quantitative prediction of dust storms to be possible. The results presented in this study are genuine predictions, because only the atmospheric model is forced using prespecified boundary conditions (obtained from NCEP analyses).
[54] The centerpiece of the integrated system is the wind erosion scheme which determines the dust emission rate and the sand drift intensity. The scheme has been described in detail by Shao [2001] . The system predicts both the friction velocity, u * , and the threshold friction velocity u *t . The former is estimated using the atmospheric prediction model and the land surface scheme, while the latter is determined using the wind erosion scheme, the land surface scheme and the geographic information database, taking into account of the factors such as soil texture, soil moisture, vegetation cover and land surface roughness conditions. There are uncertainties in the calculation of u *t because in addition to theoretical uncertainties, quantities such as frontal area index of roughness elements cannot be determined accurately. According to the best (preliminary) model estimates, u *t in the desert region of northeast China is around 0.4 to 0.5 ms À1 increasing to 0.7 to 0.8 ms À1 in the adjacent areas. These results were presented in Figure 2 .
[55] In April 2000, dust storms were very active in northeast Asia. The integrated wind erosion modeling system has been used to study the 6-7 and 9 -10 April events in detail. The dust emissions and concentrations for three particle size groups, i.e., d 2 mm, 2 < d 11 mm and 11 < d 22 mm, have been predicted. The temporal and spatial variations of dust concentration have been found to be in good agreement with meteorological records. For the 6-7 April case, the satellite image of dust cloud is also in good agreement with the simulated dust cloud. In generating these results, there has been no tuning of any aspect of the system. This is an encouraging result, as it suggests that the system now has the capacity to predict individual dust storms, possibly in a routine manner. [56] It has been found that the 6 -7 and 9 -10 April dust storms have similarities and differences. The synoptic system responsible for both events was the strong wind in the cold air regime of a classic, rapidly developing, middle latitude cyclone. The dust source for the 6 -7 April episode was mainly northeast China, from an area in the vicinity of Beijing. The dust source for the 9 -10 April episode was spatially varying, initially in northwest then in northeast China. Dust particles emitted from northeast China were larger, with a higher fraction in the 11 to 22 mm size range, while those emitted from northwest China had a higher fraction in the 2 to 11 mm size range. For the 6-7 April event, dust clouds moved mainly eastward, and exhibited patterns resembling the cold-warm front structure of the cyclone. For the 9-10 April event, a considerable proportion of the dust was propagating in a southerly direction and reached areas equatorward of 30°N.
[57] The quantitative aspects of the predictions have not been verified directly with independently observed data, as such data are currently not available. However, there is evidence that the numerical results are quantitatively reasonable. The quantitative details of dust emission rate and dust concentration on various levels have been presented in the previous section. In general, the maximum of dust emission rate was around 1 -3 mg m À2 s À1 and the maximum near surface dust concentration for particle size groups d 2 mm, 2 < d 11 mm and 11 < d 22 mm were around 0.1-0.3, 2 -6 and 5 -10 mg m À3 , respectively.
[58] It has been found that during the northeast Asian dust season, daily dust emission (d 22 mm) is about 4.6 Mt. For different source regions the compositions of airborne dust have been found to be different. For sources in northeast China, 70%, 29% and 1% (in mass) dust particles are in the 11 to 22 mm, 2 to 11 mm and 0 to 2 mm size range, respectively. In contrast, for sources in northwest China, these are 34%, 65% and 1%.
[59] This study has the following limiting factors that will be addressed in future work: (1) for the initialization and boundary conditions of the atmospheric model, the NCEP 2.5°analyses data were used. This resolution was too coarse for the atmospheric model which itself had a spatial resolution of 50 km; (2) the geographic information data sets used in this work were preliminary and have uncertainties in quantities such as frontal area index, soil particle size distribution, etc.; (3) the vertical convection scheme and deposition scheme were too simplistic and wet deposition was not considered.
